Abstract: Two-dimensional molybdenum disulfide (MoS2) is an excellent channel material for ultra-thin field effect transistors. However, high contact resistance across the metal-MoS2 interface continues to limit its widespread realization. Here, using atomic-resolution analytical scanning transmission electron microscopy (STEM) together with first principle calculations, we show that this contact problem is a fundamental limitation from the bonding and interactions at the metal-MoS2 interface that cannot be solved by improved deposition engineering. STEM analysis in conjunction with theory shows that when MoS2 is in contact with Ti, a metal with a high affinity to form strong bonds with sulfur, there is a release of S from Mo along with the formation of small Ti/TixSy clusters. A destruction of the MoS2 layers and penetration of metal can also be expected. The design of true high-mobility metal-MoS2 contacts will require the optimal selection of the metal or alloy based on their bonding interactions with the MoS2 surface. This can be advanced by evaluation of binding energies with increasing the number of atoms within metal clusters.
Transition metal dichalcogenides (TMDs), with the chemical formula MX2, where M is a group IV, V, or VI transition metal and X is the chalcogenide, make up a sub-group of materials with highly tunable electronic properties within the family of van der Waals (vdW) bonded two-dimensional (2D) materials.
Ultra-thin field effect transistors (FETs) using molybdenum disulfide (MoS2) as the channel material have shown excellent performance, making them viable for sub-10 nm node devices (1) (2) (3) (4) (5) . However, optimizing the contact between the 2D semiconductor and the 3D metal electrode with direct chemical bonding remains a challenge due to the high contact resistance (6-9) commonly attributed to Fermi level pinning at the metalMoS2 interface (10) (11) (12) . Experimental and computational reports have shown or suggested that surface states created from adsorbed contaminants and damage by kinetic energy transfer from metal deposition can pin the Fermi level and increase the contact resistance (13, 14) . Therefore, it is largely believed that continued improvement of the metal deposition and FET fabrication will lead to "clean" metal-TMD interfaces without pinning (11, 15, 16) . However, whether this challenge is one in optimizing the deposition of the metal on MoS2 or, instead, due to the fundamental bonding and chemistry at metal-MoS2 interface is still unknown. While it is possible to engineer metal-MoS2 contact with vdW interactions either by incorporating a intermediate layer (17, 18) , by transferring an entire metal film (5) , or by using a metal with very low affinity to bond with sulfur, the transmittance of charge carriers will be limited by the vdW barrier.
Ultimately, moderate interatomic bonding that anchors the metal to the MoS2 without restructuring the metal-MoS2 interface is needed for true high-mobility charge transfer in MoS2 embedded FETs.
Here, using atomic-resolution analytical scanning transmission electron microscopy (STEM), we directly image and characterize a contamination-free, deposition damage-free interface between Ti metal electrode and an MoS 2 channel in a FET to address the issue of pinning. Ti possesses a very strong affinity for sulfur with a Ti-S bond dissociation energy of -3.69 eV (vs. that of Mo-S at -2.35 eV) (19) .
Consequentially, it is often used as the metal electrode as it provides a strong contact with the MoS2 surface which is desirable for effective charge injection into the MoS2 (20) (21) (22) . Annular dark-field (ADF)-STEM imaging is used in conjunction with electron energy-loss spectroscopy (EELS) to measure the changes in the atomic structure as well as the electronic structure at each layer of MoS2. First principle density functional theory (DFT) calculations are carried out to understand these observed changes in atomic and electronic structure of the Ti-MoS2 contact and to help identify possible paths to improve metal-MoS2 interface performance. This non-uniformity suggest that the Ti atoms tend to cluster on MoS2 during deposition, a behavior suggested or predicted before (16) but never directly observed experimentally (see Figure S3 in SI for additional images).
The atomic-resolution ADF-STEM image in Figure 1 DFT calculations were carried out to determine the structure, bonding and interactions of Ti atoms with MoS2 layers. These simulations examined the systematic addition of individual Ti atoms onto the surface of a monolayer of MoS2 in order to mimic the experimental deposition (see methods and SI for procedure). This "single-atom-addition" approach, while computationally demanding, provides more insight into atomic processes occurring at the metal-MoS2 interface as compared to the addition of whole layers of Ti in a "metal-MoS2-slab" approach (20) (21) (22) 26) . the Ti and S disrupt the MoS2 interface by pulling S atoms out of the MoS2 surface when two or more Ti atoms are present to form a titanium sulfide cluster. These Ti x S y clusters are highly stable structures due to the strong Ti-S bond energies. While such interactions lead to a stable Ti-MoS2 configuration, they also destroy the pristine crystal structure of MoS2. This not only disrupts the periodic structure of pure MoS2 but also introduces significant non-periodicity in the Ti clusters above the MoS2 layer. Furthermore, it appears that relatively large openings in the MoS2 layer can also form near the site of the lattice disruption ( Figure   3 (b)). These "nanopores" in the MoS2 can be large enough to allow Ti atoms to penetrate into deeper layers, which would explain the presence of appreciable amount of Ti in the 2 nd and 3 rd layers of MoS2 observed in the EELS measurements. It is worth noting that these simulations were performed without the effects of temperature, which can further enhance destructiveness of the Ti-MoS2 bonds. Ti atoms were added to the system without kinetic energy to intentionally avoid engineering aspects of metal contact deposition. The simulation results demonstrate that the disruption of the MoS2 lattice from the Ti contact is due to the inherent bonding and chemistry of the Ti-MoS2 system and not a result of kinetic energy transfer during deposition as was speculated in literature (11, 27) .
These DFT calculations also provide a direct comparison between the electronic structures and DOS of a pristine monolayer of MoS2 and that of a five Ti atom-MoS2 interfacial system (Figure 3(c) ). Not surprisingly, the Ti interactions with MoS2 significantly alters the electronic structure of MoS2 because of the bonded Ti atoms and loss of symmetry. The total as well as S 3s+3d partial DOS of the Ti distortedMoS2 show a dramatic reduction and broadening of sharp features compared to those of the pristine MoS2, which is consistent with the broadening of peaks I and II in the S L23 edge fine structure observed earlier (Figure 2(a) ).
The DFT calculations of the metal-MoS2 interface, using the same "single-atom-addition" approach, were extended to metals with significantly weaker metal-sulfur bonds by using Au and In. Both and Ti (-3.09 eV)) may be optimal as they would provide a strong enough contact with the MoS2 surface to enable charge injection yet avoid strong covalent bonds that lead to a disruption of the metal-MoS2
interface.
In conclusion, atomic-resolution characterization of a the Ti-MoS2 interface in a FET using ADF-STEM imaging and layer-by-layer EELS shows that the commonly believed premise that improved metal deposition and FET fabrication will solve the pinning problem at the metal-MoS2 interface will need to be reconsidered. Fermi level pinning is likely unavoidable when a metal with high affinity to form strong bonds with sulfur such as Ti is used regardless of deposition engineering. A metal or engineered metallic alloy with just the right affinity to form a moderate chemical bond with sulfur may be a solution to avoid pinning. A simpler way to evaluate the suitability of a metal or an alloy as a contact material with MoS2 that has a potential to avoid pinning or forming van-der-Waals gap, is by calculating the binding energies and atomic structures of a-few-atom big metallic clusters that are brought together on the surface of MoS2. 
